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Abstract 
The feel of hitting a tennis ball with topspin is related to the friction force of the plane of the racket face, and it is also 
related to the vibration of the racket. In order to measure the friction and the vibration, we attached gauges to the 
strings and the throat of two brands of tennis racket. At incident angles under 30 degrees, the ball was observed to 
slip on the racket face. At angles over 45º, the action duration of friction was almost as long as the vibration period of 
the racket shaft. From this result, we predict that the feel of hitting is related to the stiffness of the racket shaft.  
 
© 2012 Published by Elsevier Ltd. 
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1. Introduction 
 The feel of hitting a tennis ball with a racket varies with the impact angle of ball on the racket face and 
with the tension of the strings. This feel is related especially to the friction force between the ball and 
racket face (i.e., the string bed). Previous papers have reported measurements of this friction (R.Cross et 
al, 2000; S.R.Goodwill et al, 2004). However, these measurements were made only for the case of a 
racket fixed in position. T.Allen et al (2010) reported simulations of the force exerted on the ball and the 
rotation of the ball at oblique impact angles using a finite element (FE) method, and the authors examined 
the phenomena of impact very clearly. But they did not address the feel of hitting the ball as sensed by a 
human player. In this study, we deduce from measurements of racket performance that it is easy to apply 
rotation to a ball from the viewpoint of the ball-string friction and racket vibration at oblique impact 
angles. The present study also tries to clarify the properties of a racket that provide the player with good 
“feel” during the hitting stroke.       
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2. Method 
2.1. Detection of friction using 4 strain gauges 
Eight strain gauges were attached to the front of the string bed of a commercial racket, and a second set of 
eight gauges were attached to the rear of the racket face. The gauges were placed on four cross strings in 
the middle of the racket face, close to the right and left frames as shown in Fig.1. One pair (a half bridge 
with two active strain gauges in opposite arms) was used to obtain the force normal to the racket from the 
strain (tension) in the string caused by impact of the ball. If forces parallel to the racket surface occur 
when the ball impacts, i.e. if friction occurs, one cross string expands and the other contracts. The 
difference in strain (tension) was sensed by the other pair of gauges (a half bridge with two active gauges 
in adjacent arms) to measure the friction of the ball parallel to the racket face.     
Two rackets made of carbon were used: racket A made by the Prince Co. (Princeton NJ) and racket B 
made by Yonex Co. (Tokyo, Japan) with the same string tension, 23 Dynamic Tension.  
                      
 
 
 
2.2. Estimation of impulse from strain gauges and analysis of images  
Tennis balls were launched at a velocity of about 17m/s, and collided with the surface of a hand-held 
racket at different angles as shown in Fig. 1a. The angle of incidence is taken as T 0 , the angle of 
reflection T1 as shown in Fig. 2. The collision was recorded by a high-speed camera at 600 frames per 
second. Five angles of incidence were tested, namely 20°, 30°, 45°, 60°, and 75°. 
To analyze this system, we assume a ball of mass m, moment of inertia I, and radius r. The reduced 
mass of the racket is denoted as mred and the vertical and horizontal components of ball velocity before 
the collision as Vv0 and Vh0; after the collision, these components are Vv1, Vh1.    The racket velocity 
components after collision are given by vrv1, vrh1. With this nomenclature we obtain the vertical and 
horizontal components of the impulse, S1 and S2, from equations (1) and (2). In addition, we calculate the 
angular momentum of the ball from the angular velocity Z  after collision (the ball is not rotating before 
collision), and divide by the radius of the ball r to obtain the impulse in the horizontal direction S2’ as 
given by equation (3).  Furthermore, the impulses S1f and S2f are obtained by integrating the vertical and 
horizontal components of the force fv and fh as estimated by the strain gauges over time using equations 
(4) and (5).   
In principle, the values of vertical impulse S1 and S1f obtained from equations (1) and (4) should be 
equivalent, and the horizontal impulses S2, S2’ and S2f derived from equations (2), (3), and (5) should also 
match. However, in practice the values do not match due to deformation of the ball and nonlinearity in 
Fig. 1. (a) Schematic diagram of the experiment launching a 
ball toward the racket at an angle 
Fig. 2. Velocities of the ball before and after collision, forces 
on the ball during collision, and racket velocity after collision 
546   Hiroshi Maeda and Masaaki Okauchi /  Procedia Engineering  34 ( 2012 )  544 – 549 
string tension.  Comparing these two methods of deriving the impulse, we examine the validity of 
analysis using images and strain gauge data. 
(1)
(2)
(3)
(4)
(5)
3. Results 
3.1. Results analyzed by strain gauges 
Fig.3 shows the vertical and tangential forces present on the racket surface as detected by strain gauges 
attached to the strings. Solid lines indicate the tangential force, and the thin lines indicate vertical force. 
The five figures from top to bottom correspond to incident angles of 20°, 30°, 45°, 60°, and 75° 
respectively. These results were obtained using racket A.  
The peak vertical force for an incident angle of 20° was around 200N.  The larger the angle of 
incidence, the larger the force, growing to around 1000N at the incident angle of 75°. In Fig. 3 the 
horizontal axis shows time; the ball hit the racket at the time labeled “impact”, and it separated from the 
racket at the time indicated by “release”. The tangential (fictional) force on the racket face, shown in the 
figure by the solid line, was exerted on the string plane for a duration of about 5[ms] as the ball came in 
contact with the strings. At incidence angles of 20°, this tangential force was in phase with the normal 
force. This can be interpreted as the ball rolling along the string bed while it also experiences some slip. 
On the other hand, at incident angles of 45° or more, the exertion time of tangential forces was decreased 
about 3 ms. This shows that 3 ms after impact, the ball velocity parallel to the contact surface and the 
velocity at which the ball rolls have become the same. At incident angles of 30°, two phenomena of 
slipping and rolling are mixed. Just after impact the ball slips on the string-bed and around 4ms later, it 
starts rolling.  
For a ball coming into contact with the string surface, we integrate the forces in the vertical and 
tangential directions over time to calculate the impulse components S1f, S2f that we showed as equation (4) 
and equation (5). 
3.2. Result by the image analysis 
Table 1 shows the incident velocity, incident angle, reflection velocity, reflection angle, and angular 
velocity of the ball, as well as the velocity and angle of the racket after the collision, that were  
determined from analysis of the images obtained with the high speed camera. These results are applied to 
equations (1)-(3) which yield the calculated impulses S1, S2 and S2’ from the change of the momentum. 
The reduced mass used for this racket, 0.05[kg] was assumed to be one fourth of the total racket mass. 
The radius of the ball r was taken to be 0.0325[m] with the assumption that it did not deform. 
3.3. Comparison of Impulses 
Fig. 4 shows the vertical component of impulse on the string plane obtained by the two methods using 
racket B. The impulse S1 obtained from analyzing images is denoted with (Ⴠ), while that obtained from 
measurements of string tension, S1f is denoted with (Ⴄ).  The horizontal axis shows incident angle and the 
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vertical axis shows impulse. When the impact angle was around 20 degrees, the impulse was 0.5 Ns, and 
as impact angle increased, both S1 and S1f became larger up to about 1.5 Ns. The impulse derived from 
image analysis was reproducible, but appeared to level off as the angle became large. The impulse 
calculated from the strain gauges on the strings increased linearly with incidence angle and was 
increasingly greater than S1.  
 
 
Fig. 5 shows the impulse in the direction tangential to the racket face, S2᧤Ⴠ᧥᧨S2ಬ᧤Ⴜ᧥and S2f᧤Ⴄ). 
The observed impulse in the tangential direction showed the strength of the rotating force applied to the 
ball by the racket face. We can recognize that S2ಬ᧤ Ⴜ᧥and S2f᧤Ⴄ᧥tended to be smaller than S2 (Ⴠ) 
overall. The impulse values calculated from equations (2) and (5) can both be approximated by a 
Fig. 4. Normal impulse to the string plane 
       Ɣ᧶S1 impulse calculated from the difference  
             of momentum, equation (1) 
      ь᧶S1f impulse calculated by integrating  
             the force, equation (4) 
Fig. 5. Tangential impulse to the string plane 
        Ɣ: S2 impulse calculated from the difference  
            of momentum, equation (2)᧨ 
        ż: S2’ impulse calculated from the angular  
            momentum᧨ equation(3) 
       ь: S2f impulse calculated by integration of 
             the tangential force, equation(5) 
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quadratic curve as shown in Fig. 5, allowing the angle of maximum impulse to be calculated for each 
method. The maxima for the different impulse curves were similar; the impulse calculated from the 
change in the momentum (S2) was 32.68°, while the impulse calculated from the string tension (S2f) was 
34.35°. From these results, it is thought that there is an impact angle where rotation may most easily be 
applied to an impacting ball, namely, at about 32-35 degrees when holding the racket by hand.  
Table 1. Incident and rebound angle, velocity and racket angle and velocity after impact 
 
3.4. Vibration of racket shaft 
Fig. 6 shows the normal and tangential forces on the string plane and the normal and tangential strain 
of the racket shaft. The force and strain values are given in volts, the output of the strain gauges before 
calibration, to compare the waveform of force and strain. We recognized the existence of high frequency 
vibrations of 400 to 600 Hz in the fundamental vibration of 140Hz at the strain of both rackets. And also 
the 2nd peak of the fundamental vibration that appears after rebound shows higher than that of the 1st 
peak. These phenomena mean that the ball impacted around a node point of the racket, the so-called 
“sweet spot”. Considering the normal shaft strain of racket A for cases of incident angle over 45 degrees, 
the vibration period at the moment of collision was similar to the period of tangential force, around 3ms. 
In the lower panel of Fig. 6, the period and phase of racket B’s shaft strain and the normal force are 
observed to have shifted and do not align. In earlier work T. Allen (2010) reported that racket stiffness 
had no influence on the rebound characteristics of the ball. However, the stiffness of the racket and the 
string tension influenced the matching of period or phase of the racket vibration, and these combinations 
are related to the feel of hitting. We expect that this phenomenon causes the difference in racket 
performance. 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Normal and tangential forces on the string plane and vibration of racket shaft (in volts before calibration) : incident angle 
45deg 
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4. Discussion 
The following three phenomena are noteworthy observations: 1) the friction exerted on a tennis ball 
during an oblique impact with a hand-held racket shows a maximum value when the angle of incidence is 
between 30 and 45 degrees; 2) the impulses calculated by string tension differ from those values 
calculated by image analysis, but we find that both impulse curves show the same overall shape, and 
exhibit an impulse maximum at an incident angle of around 33 degrees; 3) when the incident angle 
exceeded 45 degrees with racket A, the vibration period of the racket throat just after the impact was the 
same as the period of the tangential force observed on the string (3ms). The first vibration of the racket 
throat did not occur on racket B. 
T. Allen (2010) has reported that the stiffness of a racket had no notable effect on the rebound 
characteristics of the ball for oblique impacts at geometric string bed centre. However, the stiffness of the 
racket, string tension, and frame bending all cause differences in vibration period and phase. We deduce 
that these properties of racket performance influence the feel of hitting.  
5. Conclusion 
The friction and normal forces exerted on the string plane of a hand-held racket were measured at 
oblique ball impact angles, using strain gauges attached on four cross strings. The impulse from the 
impact was derived by integration of the measured forces, and the value was compared with that derived 
from the changes in momenta before and after the impact, calculated by analysis of images taken with a 
high speed camera. The impulse value calculated from force tended to be smaller than that obtained from 
image analysis, and the impulse showed a maximum at an incident angle of around 30-45 degrees. We 
expect that there is a relation between the feel of hitting a top-spin ball and the performance parameters of 
each racket, in particular the friction on the string of the racket face and the overall racket stiffness. 
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